We report high spatial and spectral resolution [Fe II] 1.644 km Fabry-Perot imaging observations of M82. We present extinction-corrected [Fe II] images and discuss the nature of compact [Fe II] emission regions revealed by these new data. We conclude that these [Fe II] sources trace a population of supernova remnants in M82 that are substantially older than those revealed previously on 6 cm radiographs. In addition, we Ðnd that M82 contains a distributed [Fe II] emission component that is extended along the southern minor axis and that accounts for 90% of the galaxyÏs [Fe II] luminosity. We interpret this extended emission as tracing disk material entrained in a super wind that has broken out of the galactic disk to the south. We Ðnd that the [Fe II]/Brc line ratio throughout M82 correlates with the age of the starburst as reÑected by the color of the photospheric emission from the galaxyÏs stars. This correlation suggests that the [Fe II] emission regions in M82 are colocated with a postÈmain-sequence stellar population. The engineering details of our Fabry-Perot imaging methodology are also discussed.
INTRODUCTION
The possibility that infrared [Fe II] emission can reveal the supernova activity of galaxies has stimulated increasing observational work over the past few years. Issues surrounding [ (Pradhan 1993 ; Zang Pradhan 1995 ; Nahar 1995) .
Emission-line imaging of nearby galaxies has revealed two categories of near-infrared [Fe II] emission : (1) a distributed, uniform [Fe II] background emission and also (2) compact [Fe II] sources. The distributed emission has been seen to correlate spatially with global nuclear outÑows such as starburst super winds or active galactic nucleus radio jets. The compact [Fe II] sources often show weak or no spatial correlation with other infrared line emission such as H I, [Ne II], or continuum emission in the K band or at H 2 , 6 cm.
The near-infrared [Fe II] image data obtained to date consist of low spectral resolution narrowband Ðlter images or low spatial resolution images assembled from long-slit spectra. In this paper, we present the Ðrst near-infrared [Fe II] Fabry-Perot images of a galaxyÈa technique that yields both high spectral and high spatial resolution. In the following section, we discuss our methodology for FabryPerot imaging, the image analysis, and technical details of our M82 [Fe II] observations. In we discuss our Fabry-°3, Perot images of M82 and new clues that they reveal about the origin of M82Ïs [Fe II] emission.
OBSERVATIONS

Methodology : PreÐltering Facility Cameras with
Fabry-Perot Imaging Systems Recent advances in low noise detector arrays have made Fabry-Perot imaging an increasingly practical technique for moderate-resolution j/*j^103 imaging spectroscopy at near-infrared wavelengths. High system accuracy and reliability can be achieved with commercially available etalons such as those produced by Queensgate Instruments Optimal optical coupling between the Fabry-Perot LTD.8 and camera subsystems is critical for acquisition of data on faint, extended objects such as galaxies and has not been adequately discussed in recent articles describing infrared Fabry-Perot imaging systems. As a consequence, we begin by brieÑy reviewing engineering details that govern the optical coupling of Fabry-Perot etalons to infrared Details of our M82 observations and data cameras.9 reduction are discussed in°2.2.
In moderate spectral resolution infrared applications involving relatively high f-ratio (ºf/15) telescopes, an optimal optical conÐguration for a Fabry-Perot camera system is one in which the etalons are located directly in the telescope beam. The standard alternative conÐguration incorporates collimating optics that add complexity, reÑec-tion, and transmission losses. When a Fabry-Perot is used directly in a converging or diverging beam of cone angle r, its resolving power is limited to The total R beam \ 8/r2. system Ðnesse is a quadrature sum of terms due to etalon plate reÑectivity, defects of the plate parallelism and surface Ðgure, as well as geometrical and di †raction optical defects on the incident beam. Optimal etalon transmission is achieved when the reÑectivity Ðnesse is much less than each defect Ðnesse term. This condition can often be met at slow Cassegrain focal ratios without employing collimating optics. For example, an etalon with reÑectivity Ðnesse N r \ 50 operating in order n \ 20 will have a resolving power of A f/27 telescope, such as the one R 4 j/*j^nN r \ 103. used here yields and a con-
One can see that the collimating optics (N r /N beam ) \ 0.01. would a †ord no signiÐcant enhancement of this etalonÏs performance and would increase cost and complexity while reducing the system throughput as a result of reÑection and transmission losses. The former loss can be particularly signiÐcant when the collimating optics must pass a broad wavelength range precluding the use of optimized antireÑection coatings.
Unnecessary use of Fabry-Perot collimating optics can result in nonmonochromatic images that, in infrared applications, signiÐcantly increase observing time. For example, a Fabry-Perot transmission function has maxima given by where is the wavelength of the nth order j 0 \ 2d cos h/n, j 0 maxima, d is the e †ective gap length, and h is the incidence angle of the chief ray from a point of interest in the object Ðeld. Chief rays arriving from Ðeld points across the Ðeld of view (FOV) di †er in incidence angle by an amount that depends on the optics preceding the Fabry-Perot. This e †ect can be taken into account in image processing (°2.2) if, and only if, an image data cube is recorded over a sufficient number of gap settings to fully sample an emission line over the entire FOV.
In the near-infrared, the background emission due to OH airglow and/or thermal emission is generally bright and time variable on the scale of typical narrowband (R \ 103), background-limited integration times (^200 s). As a result, explicit sky images must be obtained in concert with the object images at each gap setting. A sky-object-object-sky sequence is typically used to remove Ðrst-order temporal variations in the sky emission. Hence, in contrast to optical Fabry-Perot applications, each extra gap setting required by the above h dependence results in at least four extra integrations. As a consequence, in infrared applications, it is critically necessary to minimize the range of chief ray incidence angles on the Fabry-Perot.
The range of incidence angles *h corresponding to a given FOV is often negligible when collimating optics are not used. In this case, *h \ a/t, where a is the Ðeld stop diameter, and t is the distance between the focal plane and the exit pupil of the telescope (for a Cassegrain telescope, t \ primary mirror focal length ] back focal distance, e.g., see
The focal length of a collimating Schroeder 1987). lens group that yields similar *h is often difficult and expensive to package, particularly in cryogenic applications. Each data cube consists of a three-dimensional image array (a, d, z), where a and d are coordinates on the sky and z is proportional to the etalon gap length. The M82 data cubes consist of nine Fabry-Perot gap settings chosen to sample the line proÐle in steps of (1/3)R and the underlying continuum at (5/3)R on each side of line center. At each gap setting, four images were recorded following a standard skyobject-object-sky photometry sequence, thus yielding a total data set of 144 images. These images were individually linearized, Ñat-Ðelded, sky-subtracted, spatially registered, and calibrated using standard infrared image reduction techniques. Flux calibration was determined relative to the star BS 3888 (F0 IV). Spatial registration was determined by cross-correlation analysis on the point source K6 et (Dietz al. which is bright in [Fe II] and o †-line continuum. 1986), With the above reduction complete, the remaining task is to extract continuum-subtracted emission-line images and/or velocity maps from the processed data cubes. Two optical e †ects must be taken into account in this extraction : (1) the etalon plates typically have Ðgure defects, and (2) the data cubes are curved because of the Ðnite range of chief ray incidence angles *h. Queensgate Instruments LTD model ET50WF etalons represent the state of the art in the nearinfrared and consist of water-free, fused silica plates with reÑective dielectric coatings. The coatings are applied at an elevated temperature, and a large number of layers are required to achieve broadband wavelength coverage. The expansion coefficient mismatch between the coating and the plate substrate produces a large surface stress upon cooling to room temperature, resulting in a bowl-shaped surface deformation. For near-infrared etalons with a fractional wavelength coverage of 0.25 and a clear aperture of 50 mm, the best commercially available etalons typically exhibit a Ñatness defect of at least 3 nm edge to center (j/200 at j \ 633 nm), resulting in an etalon edge-to-center gap variation of roughly 6 nm. For etalons used in a collimated beam, this gap variation reduces the e †ective Ðnesse. However, in the optical conÐguration used here the radially symmetric defor-( Fig. 1 The etalons used to obtain the observations reported here have a plate Ñatness of j/100, yielding a wavelength shift of 1 nm between the center and the edge of the array FOV. As noted in a radial dispersion can also be introduced by°2.1, the telescope optics. In the optical conÐguration of Figure 1 , the detector array is the e †ective Ðeld stop a \ 11.3 mm, and at WIRO, t \ 5.89 m. Thus, *h \ 0.002 rad, yielding a negligible wavelength shift.
At the telescope, we measure the actual shift due to the combination of these e †ects by obtaining data cubes on a monochromatic Ñat Ðeld produced by scattering discharge lamp light o † of a di †using screen. An Airy function is then Ðtted to the lamp line at each of 2562 spatial pixels in the lamp data cube. The spatial variation of the e †ective etalon gap is thus measured, and the basis for a relative wavelength calibration of each spatial pixel in the astronomical data cubes is obtained. This procedure ensures that extraction of astronomical line images and velocity maps are not a †ected by the above optical e †ects. Absolute wavelength calibration is obtained by observation of lamp lines closely bracketing the astronomical line of interest and from OH airglow lines in the sky position data cubes.
The gap space data cubes (a, d, z) are thus converted to wavelength space (a, d, j). A linear continuum baseline and line proÐle function are then Ðt to all of the data at each (a, d). We typically use an Airy function convolved with a Gaussian as a proÐle-Ðtting function. If the width of the best-Ðt convolution exceeds the instrument-response function, a Gaussian deconvolution is performed to recover the true proÐle function of the emission line. However, in the case of M82, the [Fe II] emission was spectrally unresolved at all (a, d) observed. Typical spectra extracted from the reduced data cubes on [Fe II] sources listed in are Table 1 shown in Figure 2 .
At each pixel, a linear continuum baseline is subtracted, and the Gaussian line proÐle or the instrument-response function is integrated over the bandwidth of the ordersorting Ðlter. The result is high spatial resolution images of integrated line intensity, observed line wavelength, line width, and underlying continuum Ñux. Performing these calculations independently at each (a, d) ensures that all of these quantities are determined accurately over the whole FOV. Figure 4b (Plate 2). Information is lost on the K5 and K6 region of but a high signal-to-noise ratio remains through- Figure 4b , out the inner 150 pc region that contains sources Fe 1È4. The source Fe 4 is revealed with high contrast by this procedure.
One can see that these sources are intrinsically compact and do not result from holes in a foreground-extinction screen. The brightest source is located just west of the nucleus and consists of a 110 pc ] 40 pc emission region elongated along P.A. \ 40¡, with maximum emission at its southern end and a secondary maximum northwest of this position. We interpret this structure as two sources (Fe 1 and Fe 2, that exhibit a FWHM diameter of Hence, foreground extinction to the northern half of the disk is not a possible explanation. We note that this northsouth asymmetry is also seen in the X-ray continuum Schulman, & Tomisaka and in the dis-(Bregman, 1995) tribution of 6 cm radio continuum point sources (Muxlow et al. 1994) .
This asymmetric [Fe II] spatial distribution most likely traces low iron depletion gas from the galactic disk that has been entrained in a supernova-driven wind. The northsouth asymmetry suggests that the wind has broken out of the disk in a southerly direction only. One could also speculate that the asymmetric morphology of this outÑow and the southern concentration of supernova remnants are related to the H I stream that extends south from M82 and bridges the M81/M82 system (e.g., & WeliaGottesman chew Ho, & Lo 1977 ; Yun, 1993) .
Iron Depletion in M82
The gas-phase abundance of Fe`can be derived from our measured [Fe II]/Pab ratios as ¹ 104 such that the a4 D term of Fe`is not thermalized (Paper I), and we take N(Fe`)/N(Fe) as order unity in shock recombination zones (Paper I).
From and we Ðnd a gas-phase iron equation (1) The lower N(Fe)/N(Fe) _ º 0.16. limits derive from our assumption that all of the iron is singly ionized. These data show that the iron depletion in these sources is at least an order of magnitude lower than typical interstellar values along reddened lines of sight in the Galactic interstellar medium Boer, Jura, & Shull (de and is at most roughly equivalent to model predic-1987), tions of iron depletion behind moderate-density 100 km s~1 shocks Cherno †, & Hollenbach consistent (McKee, 1984) , with the idea that the [Fe II] morphology in M82 traces regions of grain destruction
We note that the (Paper I). global ratio we derive is consistent with radio L *Fe II+ /L Brc hypernovae models of that involve a Salpeter Colina (1993) (a \ 2.35) initial mass function slope with an upper mass limit of 25 However, and are individually a M _ . L *Fe II+ L Brc factor of 2 in excess of this prediction. The compact morphology of M82Ïs [Fe II] sources strongly suggests that these sources are supernova remnants. However, at the high spatial resolution of these new data, we Ðnd that these sources are distinct from the population of radio point sources revealed on 6 cm radiographs of M82. (Fig. 4) Table 3 ), clude that this luminosity correlation is tracing the distributed components. The lack of spatial correlation between the [Fe II] and radio point sources and the size of the spatially resolved [Fe II] sources suggests that these components are tracing separate populations of supernova remnants that di †er signiÐcantly in age.
The radio point sources in M82 are interpreted as young supernova remnants rather than radio supernovae, based on the temporal development of their 6 cm Ñux. Many of these remnants have been spatially resolved. Their age is constrained by their size. et al. report 2.4 pc Muxlow (1994) as a mean remnant diameter for the population and derive a corresponding mean age of D200 yr assuming preadiabatic expansion at 5000 km s~1. In contrast, we Ðnd that the [Fe II] sources are typically a factor of 20 larger than the 6 cm sources. The proportionality between remnant diameter and age r P tn changes as the remnant evolves through free expansion (n \ 1), adiabatic and radiative (n \ 2 5 ), (n \ 1 4 ) phases of expansion (e.g.,
We note that the Spitzer 1978). size contrast between the [Fe II] and the 6 cm remnants in M82 is similar to that exhibited by the Cygnus Loop (age 5000 yr) and Cas A (age 300 yr). A natural interpretation for the compact [Fe II] sources in M82 is that they trace a population of supernova remnants that are at least an order of magnitude older than those observed in the radio continuum. We note that the size distribution of the [Fe II] sources spans at least a factor of 2. Assuming that these remnants are in radiative expansion, they must span a factor of 10È20 in age. Hence, these data suggest that [Fe II] remains an important coolant in supernova remnants for at least 103 yr after outburst. We note that [Fe II] emission associated with the 2 pc radio sources would be diluted by our 20 pc seeing-limited resolution. As a consequence, the [Fe II] background emission observed throughout the nuclear region could possibly inhibit their detection. Similarly, 6 cm emission associated with the bright 20È40 pc [Fe II] sources would be difficult to detect against the 6 cm continuum background (T. W. B. Muxlow 1996, private communication). However, we note that the sources Fe 5 and Fe 6 would be good candidates to search for a radio At the onset of a starburst, the stellar population (Paper I). should be characterized by a large H recombination line luminosity, a small [Fe II] luminosity, and blue nearinfrared continuum colors. As the most massive stars formed during the burst evolve o † the main sequence, the [Fe II] luminosity will increase with the supernova rate, emission from low-depletion PDRs will increase relative to H II regions, and the photospheric continuum will become redder.
We Ðnd a correlation between the J[H color and the extinction-corrected [Fe II]/Brc Ñux ratio within the central 500 pc of M82
The J and H broadband data shown (Fig. 5) . in have been corrected for extinction and free-free Figure 5 and free-bound continuum emission. We Ðnd that dust emission and our measured Pab and [Fe II] line Ñuxes have a negligible e †ect on the J[H color of M82 (see Satyapal et al.
As a result, we assume that the corrected 1995, 1996 Figure 4 .
3.6. Conclusions We conclude that infrared Fabry-Perot imaging is a powerful technique for high spatial resolution imaging spectroscopy in applications requiring high spectral purity relative to circular variable Ðlter imaging, and wide Ðelds relative to those obtained by integral Ðeld slit spectrometers. Our [Fe II] Fabry-Perot images of M82 have revealed a population of supernova remnants that are substantially older than those revealed on 6 cm radiographs of similar spatial resolution. We note that this interpretation, combined with recent evidence for radially propagating starburst activity in M82 (e.g., et al. would Satyapal 1996) , imply that the [Fe II] sources should be more centrally concentrated than the 6 cm sources. This expectation is consistent with observation. FIG. 6 .ÈThe [Fe II] 1.644 km rotation curve along the major axis of M82. The distance is shown relative to the nucleus, and the velocity was derived from the line wavelength measured relative to the nucleus along P.A. 120¡.
We also Ðnd that the nuclear region of M82 contains a distributed [Fe II] background emission that accounts for 90% the galaxyÏs [Fe II] luminosity and traces a region where the gas-phase abundance of iron is at least 16% of solar. We Ðnd that the gas-phase iron abundance correlates spatially with the color temperature of the photospheric continuum, suggesting that the low iron depletion regions are associated with evolved stars rather than H II regions.
Among 3.7. Starburst Fossil Remnants Can poststarburst galaxies be distinguished from normal galaxies ? If the distributed [Fe II] emission observed along the minor axis of M82 and NGC 4945 is tracing lowdepletion disk material entrained in a starburst super wind, then after the cessation of starburst activity, this material should, in many cases, occupy a halo surrounding the galaxy. If the low-depletion state of this gas were persistent in the halo environment, then it could provide an observable fossil remnant of the starburst. One could perhaps image poststarburst low-depletion halos via low-excitation, potential ground-state, Ðne-structure transitions of refractory ions using the Stratospheric Observatory For Infrared Astronomy (SOFIA). Examples would include the a6D(7/2È 9/2) transition of [Fe II] near 26 km and the a5D(3È4) transition of [Fe III] near 23 km. Both transitions have low-excitation potential (550 and 628 K, respectively) and would be excited in a quiescent poststarburst environment.
